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a b s t r a c t

The fatty acid profiles and tocopherol and phytosterol contents of crude oils of cress (Lepidium sativum
L.) and field pennycress (Thlaspi arvense L.) are reported, along with yields from the corresponding seeds.
The physical properties of these oils were also determined, which included oxidative stability, kinematic
viscosity, viscosity index, low temperature fluidity, specific gravity, acid value, lubricity, and iodine value.
The oil content of dried cress and field pennycress seeds was 22.7 and 29.0 wt%, respectively. The primary
fatty acids found in cress oil were oleic (30.6 wt%) and linolenic acids (29.3 wt%), whereas field pennycress
oil was principally composed of erucic (32.8 wt%) and linoleic (22.4 wt%) acids. Cress oil contained high
concentrations of �- (1422 ppm) and �- (356 ppm) tocopherols, whereas �-tocopherol (714 ppm) was the
primary tocopherol discovered in field pennycress oil. The overall tocopherol concentrations of cress and
hytosterols
hlaspi arvense
ocopherols
egetable oil

field pennycress oils were 1799 and 851 ppm, respectively. The primary phytosterols elucidated in cress
and field pennycress oils were sitosterol and campesterol, with avenasterol also present in significant
quantity in cress oil. The total phytosterol concentration in cress oil (14.41 mg/g) was greater than that
in field pennycress (8.55 mg/g) oil. Field pennycress oil exhibited excellent low temperature fluidity,
whereas cress oil was more stable to oxidation and over a range of temperatures displayed lower kinematic
viscosities as well as a higher viscosity index. The acid and iodine values of field pennycress oil were lower

ut bo
than those for cress oil, b

. Introduction

Cress (Lepidium sativum L.), otherwise known as garden cress,
ardencress pepperweed or garden pepperwort, is a fast growing
nnual herb belonging to the Brassicaceae family that is native
o Egypt and west Asia but is widely cultivated in temperate cli-

ates throughout the world for various culinary and medicinal
ses (Gokavi et al., 2004). Field pennycress (Thlaspi arvense L.), also
nown as stinkweed, is a winter annual also belonging to the Bras-
icaceae family that is native to Europe but has a wide distribution
hroughout temperate North America (Vaughn et al., 2005). Gener-
lly considered to be an agricultural pest (weed), field pennycress

an serve in a summer/winter rotational cycle with conventional
ommodity crops (such as soybean), thus not displacing existing
gricultural production. Advantages to cress and field pennycress
nclude relatively high oil contents, tolerance of fallow lands, min-

� Disclaimer: Product names are necessary to report factually on available data;
owever, the USDA neither guarantees nor warrants the standard of the product, and
he use of the name by USDA implies no approval of the product to the exclusion of
thers that may also be suitable.
∗ Corresponding author. Tel.: +1 309 681 6511; fax: +1 309 681 6340.

E-mail address: Bryan.Moser@ars.usda.gov (B.R. Moser).

926-6690/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.indcrop.2009.03.007
th oils had excellent lubrication properties.
Published by Elsevier B.V.

imal agricultural inputs (pesticides, fertilizer, water), capability to
serve in rotational crop cycles, and compatibility with existing farm
infrastructure. The reported yield of oil from seeds of cress and field
pennycress is 23 and 29 weight percent (wt%), respectively (Dolya
et al., 1976).

The objective of the current study was to evaluate the chemical
compositions and physical properties of cress and field pennycress
oils and to compare those results with soybean oil. Specifically,
the fatty acid (FA) compositions and phytosterol and tocopherol
contents were determined, along with oxidative stability, low tem-
perature fluidity, kinematic viscosity, viscosity index, lubricity,
iodine value, specific gravity, and acid value.

2. Materials and methods

2.1. Materials

Cress seeds (cv. ‘Cressida’) were purchased from Johnny’s

Selected Seeds (Winslow, ME). Field pennycress seeds were col-
lected from a wild population in Peoria County, IL. Refined,
bleached, and deodorized (RBD) soybean oil which did not con-
tain commercial additives was purchased from KIC Chemicals, Inc.
(New Platz, NY) and was used as received. Stigmasterol and 5�-

http://www.sciencedirect.com/science/journal/09266690
http://www.elsevier.com/locate/indcrop
mailto:Bryan.Moser@ars.usda.gov
dx.doi.org/10.1016/j.indcrop.2009.03.007


2 ps an

c
C
(
B
(
o
C

2

w
f
d
w
w
o

2

l
C
w
d
c
e
t
i

2

2

i
a
0
t
t
w
a
i
e
a

2

m
c
g
m
e
t
v
i
t
u
i
s
i
w
w

2

e

00 B.R. Moser et al. / Industrial Cro

holestane were purchased from Matreya, Inc. (Pleasant Gap, PA).
ampesterol and brassicasterol were purchased from Steraloids
Newport, RI). Each phytosterol standard was ≥97% purity. N,O-
is(trimethylsilyl)-fluoroacetamide with 1% trimethylchlorosilane
BSTFA + 1% TMCS) was purchased from Regis (Morton Grove, IL). All
ther chemicals and reagents were obtained from Aldrich Chemical
ompany (Milwaukee, WI) and used as received.

.2. Cress oil extraction

Cress seeds were ground in a coffee grinder and oil was extracted
ith hexane for 24 h in a Soxhlet apparatus. Hexane was removed

rom the oil by rotary evaporation under reduced pressure. For
etermination of total oil content, 10.0 g triplicates of ground seeds
ere extracted for 24 h with a Soxhlet apparatus, and after hexane
as removed under reduced pressure the weights of the residual
ils were calculated.

.3. Field pennycress oil extraction

Field pennycress seeds were cold pressed using a heavy duty
aboratory screw press (Model L250, French Oil Mill Machinery
ompany, Piqua, OH). The details of this expeller are available else-
here (Evangelista, 2009). The cored main barrel (or cage) had a
iameter of 8.9 cm and a length/diameter (L/D) ratio of 8.3. The
ompression ratio of the screw configuration employed was 4. Once
xtracted, the crude oil was filtered to remove solid material. Quan-
ification of total oil content was accomplished largely as described
n Section 2.2 utilizing triplicate Soxhlet extractions with hexane.

.4. Equipment and methods

.4.1. Fatty acid profile by GC
Fatty acid methyl esters (FAME) were separated using a Var-

an (Walnut Creek, CA) 8400 GC equipped with an FID detector
nd SP2380 (Supelco, Bellefonte, PA) column (30 m × 0.25 mm i.d.,
.20 �m film thickness). Carrier gas was He at 1 mL/min. The oven
emperature was initially held at 150 ◦C for 15 min, then increased
o 210 ◦C at 2 ◦C/min, followed by an increase to 220 ◦C at 50 ◦C/min,
hich was then held for 10 min. The injector and detector temper-

tures were set at 240 and 270 ◦C, respectively. FAME peaks were
dentified by comparison to the retention times of known refer-
nce standards. Each FAME determination was run in triplicate and
verage values are reported.

.4.2. Tocopherol content by HPLC
Tocopherols were quantified by HPLC according to AOCS official

ethod Ce 8-89 (AOCS, 1999a). Samples were diluted in hexane to a
oncentration of 50–100 mg/mL, filtered through 0.45 �m centrifu-
al filters and analyzed by a Varian HPLC Pro-Star model 230 pump,
odel 410 autosampler, and model 363 fluorescence detector using

xcitation and emission wavelengths of 290 and 330 nm, respec-
ively. The mobile phase consisted of hexane:2-propanol (99.5:0.5,
/v, made fresh daily) pumped at a rate of 1 mL/min. Samples were
njected by autosampler using the full loop option (100 �L), and
ocopherols were separated using an Inertsil (Varian) silica col-
mn (5 �m, 150 Å, 250 mm × 4.6 mm i.d.). Tocopherol peaks were

dentified by comparison to the retention times of known reference
tandards. A mixture of �-, �-, �-, and �-tocopherol standards was
njected on each day of analysis to verify HPLC response. Samples

ere quantified using external standard curves. Each determination

as run in triplicate and mean values are reported.

.4.3. Phytosterol content by GC
Oil samples were saponified and phytosterols were extracted

ssentially as described by (Dutta and Normén, 1998). Approxi-
d Products 30 (2009) 199–205

mately 50 mg of oil with added 5�-cholestane (100 �g, internal
standard) was saponified in 2N ethanolic KOH. Non-saponifiable
material was extracted twice with hexane and the solvent was
removed from the combined hexane fractions under a gentle stream
of N2. Trimethylsilyl (TMS) derivatives of the phytosterols were
made by adding 100 �L each of pyridine and BSTFA + 1%TMCS, and
heating at 60 ◦C for 1 h on a heating block. After derivatization, phy-
tosterols were manually injected onto a Varian 3400 GC equipped
with an FID and a Supelco SPBTM-1701 (30 m × 0.25 mm × 0.25 �m)
capillary column. Helium was used as the carrier gas with a 1:50
injector split. The injector and detector temperatures were 270
and 290 ◦C, respectively. The column oven initial temperature was
250 ◦C for 0.5 min, increased at 10 ◦C/min to 270 ◦C and held for
27 min, then increased at 10 ◦C/min to 280 ◦C and held for 3.5 min.
Data collection and integration were performed using Varian Star
Chromatography Software Ver. 5.3. Phytosterols were identified
by comparison of their retention times (relative to the internal
standard, 5�-cholestane) with those of commercially available
standards. Phytosterols without commercially available standards,
such as �5-avenasterol, were identified by their relative retention
times compared to literature (Dutta and Normén, 1998), and by
comparison with samples known to contain those phytosterols.
Quantification was carried out by the internal standard method
developed with available standards. For phytosterols with no avail-
able commercial standard, the response factor for �-sitosterol was
used for quantification.

2.4.4. Low temperature operability
Cloud point (CP, ◦C) and pour point (PP, ◦C) determinations were

made in agreement with ASTM D5773 (ASTM, 2007) and ASTM
D5949 (ASTM, 2001), respectively, using a model PSA-70S Phase
Technology Analyzer (Richmond, B.C., Canada). Cloud and pour
points were rounded to the nearest whole degree (◦C). For a greater
degree of accuracy, PP measurements were done with a resolution
of 1 ◦C instead of the specified 3 ◦C increment. Each experiment was
run in triplicate and mean values are reported.

2.4.5. Kinematic viscosity, viscosity index, and specific gravity
Kinematic viscosity (�, mm2/s) was determined with Cannon-

Fenske viscometers (Cannon Instrument Co., State College, PA) at
25, 40 and 100 ◦C in accordance to ASTM D445 (ASTM, 2006). The
viscosity index (VI) was calculated from kinematic viscosity data
(40 and 100 ◦C) according to ASTM D2270 (ASTM, 2004a). Specific
gravity (SG) was determined at 25 and 40 ◦C by AOCS official method
Cc 10a-25 (AOCS, 1999b) using a Kimax 25 mL gravity pycnometer
from Kimble Chase Life Science and Research Products (Vineland,
NJ). All experiments were run in triplicate and mean values are
reported.

2.4.6. Lubricity
Lubricity (lub, �m) determinations were performed at 60 ◦C

(±1 ◦C) according to ASTM standard D6079 (ASTM, 2004b) using a
high-frequency reciprocating rig (HFRR) lubricity tester (PCS Instru-
ments, London, England) via Lazar Scientific (Granger, IN). Reported
wear scar (�m) values were the result of measuring the maximum
lengths of the x- and y-axes of each wear scar with a Prior Scientific
(Rockland, Massachusetts, USA) Epimat model M4000 microscope,
followed by calculating the average of these maximum values. All
experiments were run in duplicate and mean values are reported.

2.4.7. Oxidative stability

Induction period (IP, h) was measured following the European

Committee for Standardization (CEN) official method EN 14112
(CEN, 2003) at 110 ◦C utilizing a Metrohm USA, Inc. (Riverview,
FL) model 743 Rancimat instrument. The flow rate of air through
3 ± 0.01 g of sample was 10 L/h. The block temperature was 110 ◦C
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Table 1
Fatty acid compositions (wt%) of cress, field pennycress, and soybean oils.

Purity:oil Crude cress Crude pennycress RBD soybean

C14:0a 0.1 0.1 0.1
C16:0 9.4 3.1 11.4
C16:1 �9 0.3 0.2 0.1
C18:0 2.8 0.5 3.9
C18:1 �9 30.6 11.1 22.1
C18:1 �11 1.4 1.5 1.6
C18:2 �9, 12 7.6 22.4 52.4
C18:3 �9, 12, 15 29.3 11.8 7.4
C20:0 2.3 0.3 0.2
C20:1 �11 11.1 8.6 0.2
C20:2 �11, 14 0.3 1.6
C20:3 �11, 14, 17 0.5
C22:0 0.6 0.6 0.3
C22:1 �13 3.0 32.8
C22:2 �13, 16 0.7
C22:3 �13, 16, 19 0.3
C24:1 �15 2.9
Unknown (sum) 0.7 1.5 0.3
�satb 15.2 4.6 15.9
�monounsatc 46.4 55.6 24.0
�polyunsatd 37.7 38.3 59.8

a The first number indicates the length of the fatty acid chain and the second the
number of double bonds (all cis) with � signifying the location of the double bond(s).

b

B.R. Moser et al. / Industrial Cro

ith a correction factor (�T) of 1.5 ◦C. The conductivity measuring
essel contained 50 ± 0.1 mL of deionized water. Each sample was
un in triplicate and mean values are reported. IP was mathemat-
cally determined as the inflection point of a computer-generated
lot of conductivity (�S/cm) of deionized water versus time (h).

.4.8. Acid and iodine values
Acid value (AV, mg KOH/g) titrations were performed as

escribed in AOCS official method Cd 3d-63 (AOCS, 1999c) using
Metrohm 836 Titrando autotitrator equipped with a model 801

tirrer, a Metrohm Solvotrode electrode, and Tiamo 1.1 Light soft-
are. However, the official method was modified for scale to use 2 g
f sample and 0.02 M KOH. The titration endpoint was determined
y the instrument and visually verified using a phenolphthalein
ndicator. Each sample was run in triplicate and mean values are
eported. Iodine value (IV, g I2/100 g) was calculated from the fatty
cid profile according to AOCS official method 1c-85 (AOCS, 1999d).

.4.9. Average molecular weight of vegetable oils
The average calculated molecular weight (MWcalc, g/mol) was

etermined by a weighted average method utilizing the FA pro-
les depicted in Table 1. Specifically, the molecular weight of each
A found in the vegetable oil was multiplied by its correspond-
ng weight percentage as determined by GC (Section 2.4.1). The
um of these values (minus the acidic proton) was multiplied by
hree and the glycerol fragment (minus the oxygen atoms, as they
ere accounted for in the FA fragments) was added, resulting in an

verage calculated MW of vegetable oil. For the sake of providing
alculated MW values that were not artificially low, unknown con-
tituents were assumed to be oleic acid in the case of cress oil and
rucic acid in the case of field pennycress oil.

. Results and discussion

.1. Fatty acid composition and free fatty acid content

The primary FA found in cress oil were oleic (C18:1; 30.6 wt%)
nd linolenic (C18:3; 29.3 wt%) acids, with gondoic (C20:1;
1.1 wt%), palmitic (C16:0; 9.4 wt%) and linoleic (C18:2; 7.6 wt%)
cids also detected in significant quantities (Table 1). Erucic (C22:1;
.0 wt%), stearic (C18:0; 2.8 wt%), and arachidic (C20:0; 2.3 wt%)
cids were among the minor FA found in cress oil. These results

re in close agreement with previous studies (Dolya et al., 1976;
okavi et al., 2004). The average MW of cress oil calculated from the
A profile was 891.94 g/mol (Table 2). The oil content of dried cress
eeds was 22.7 wt% (Table 2), which was similar to that reported
23.08 wt%) in a previous study (Dolya et al., 1976) and close to

Table 2
Yields and physical properties of cress, field pennycress, and soybean oils.

Purity:oil Crude cress

Oil content (wt%) 22.7 (0.4)a

MWcalc (g/mol) 891.94
CP (◦C) 3 (1)
PP (◦C) −11 (1)
IP, 110 ◦C (h) 12.3 (1.7)
�, 25 ◦C (mm2/s) 44.12 (0.02)
�, 40 ◦C (mm2/s) 28.35 (0.05)
�, 100 ◦C (mm2/s) 7.35 (0.06)
VI 244
SG, 25 ◦C 0.912 (0.001)
SG, 40 ◦C 0.902 (0.002)
Lub, 60 ◦C (�m) 133 (4)
AV (mg KOH/g) 2.60 (0.03)
IV 130

a Values in parentheses are the standard deviation from the reported mean.
b From Dornbos and Mullen (1992) and Chung et al. (2003).
�sat = 14:0 + 16:0 + 18:0 + 20:0 + 22:0.
c �monounsat = 16:1 + 18:1 + 20:1 + 22:1 + 24:1.
d �polyunsat = 18:2 + 18:3 + 20:2 + 20:3 + 22:2 + 22:3.

the range typically reported for soybeans (18–22 wt%; Dornbos and
Mullen, 1992; Chung et al., 2003).

Erucic (32.8 wt%), linoleic (22.4 wt%), and linolenic (11.8 wt%)
acids were the primary FA detected in field pennycress oil (Table 1).
Other FA of significance included oleic (11.1 wt%), gondoic (8.6 wt%),
and nervonic (C24:1; 2.9 wt%) acids. The overall level of saturated
FA found in field pennycress oil was low (4.6 wt% total), with
palmitic acid (3.1 wt%) comprising the majority of the saturated
constituents. These results concur with those previously reported
(Dolya et al., 1976). The average MW of field pennycress oil calcu-
lated from the FA profile was 956.39 g/mol (Table 2), which was
higher than that obtained for cress and soybean (873.33 g/mol) oils
largely as a result of its greater erucic acid content. Dried field pen-
nycress seeds contained 29.0 wt% oil (Table 2), which was similar to
a previous study that indicated the oil content of field pennycress
seeds was 29.18 wt% (Dolya et al., 1976).
As seen upon comparison of the FA compositions of cress and
field pennycress oils, cress oil contained considerably more satu-
rated FA than field pennycress oil (15.2 wt% versus 4.6 wt%, Table 1).
Field pennycress had a greater abundance of monounsaturated

Crude pennycress RBD soybean

29.0 (0.4) 18-22b

956.39 873.33
−25 (1) −7 (1)
−28 (1) −9 (1)

5.0 (0.1) 8.3 (0.2)
70.01 (0.04) 52.11 (0.09)
40.97 (0.03) 31.49 (0.03)

9.39 (0.01) 7.67 (0.01)
224 228

0.913 (0.001) 0.919 (0.001)
0.904 (0.001) 0.910 (0.001)

125 (5) 124 (2)
0.61 (0.03) 0.03 (0.03)

118 130
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A than cress oil (55.6 wt% versus 46.4 wt%), but the polyunsat-
rated content was nearly equivalent (38.3 wt% versus 37.7 wt%).
s is common among members of the Brassicaceae family, erucic
cid was particularly abundant in field pennycress oil (32.8 wt%),
hereas cress oil only contained 3.0 wt% of this constituent. These

ils had divergent FA profiles from soybean oil, which contained
very small percentage of FA with 20 carbons or greater (0.7 wt%

otal, Table 1). The primary FA constituents found in soybean oil
ncluded linoleic (52.4 wt%), oleic (22.1 wt%), palmitic (11.4 wt%),
nd linolenic (7.4 wt%) acids, which was in close agreement with
revious reports (Moser, 2008a).

The percentage of free fatty acids (FFA) in crude field penny-
ress oil was relatively small, as evidenced by an AV of 0.61 mg
OH/g (FFA content = 0.3 wt%) (Table 2). Crude cress oil contained a
igher percentage of FFA (1.3 wt%), as indicated by an AV of 2.60 mg
OH/g. Refined, bleached, and deodorized (RBD) soybean oil was
ssentially free of FFA (AV 0.03 mg KOH/g), which was expected as
result of the additional purification conducted on this commer-

ially available commodity oil. The FFA content may be important in
ases where chemical modification is to be conducted in the pres-
nce of catalysts that are sensitive to carboxylic acids. For instance,
n the case of homogenous base-catalyzed methanolysis to yield
atty acid methyl esters, feedstocks with FFA contents greater than
.5 wt% may result in reduced product yields (Naik et al., 2008).
onsequently, acid-catalyzed pre-treatment to lower the FFA con-
ent of crude cress oil may be necessary prior to applications where
ertain acid-sensitive catalysts are to be employed (Rashid et al.,
008).

.2. Tocopherol content

Cress oil contained high amounts of �- (1422 ppm, Table 3)
nd �- (356 ppm) tocopherols (see Fig. 1), but minimal quantities
f �- (21 ppm), and �- (0 ppm) tocopherols. The unusually high
ercentage of �-tocopherol may make cress oil a potentially use-
ul industrial source of this natural antioxidant. For comparison,
xisting crude commodity vegetable oils with relatively high �-

ocopherol contents include corn (942 ppm), soybean (870 ppm),
ottonseed (387 ppm), and palm (316 ppm) oils (Gunstone, 2004;
rankel, 2005). In the current study, RBD soybean oil contained
nly 537 ppm �-tocopherol and 757 ppm combined tocopherols
Table 3). The total tocopherol content of cress oil was 1799 ppm,

able 3
ocopherol (ppm) and phytosterol (mg/g) contents of cress, field pennycress, and soybean

urity:Oil Crude cress

ocopherols
-Tocopherol 21 (1)a

-Tocopherol 0
-Tocopherol 1422 (11)
-Tocopherol 356 (4)
tocob 1799 (9)

hytosterols
holesterol 0.50 (0.02)b

rassicasterol 0
ampesterol 3.95 (0.22)
tigmasterol 0.30 (0.02)
itosterol 5.82 (0.37)
itostanol 0
venasterol 3.44 (0.22)
ycloartenol 0
ihydrolanosterol 0.25 (0.02)
itrostadienol 0
-Amyrin 0.16 (0.01)
phytoc 14.41 (0.87)

a Values in parentheses are the standard deviation from the reported mean.
b �toco = sum of all tocopherols.
c �phyto = sum of all phytosterols.
Fig. 1. Chemical structures of �-, �-, �-, and �-tocopherols found in cress, field
pennycress, and soybean oils.

which was higher than that typically reported for crude soybean
oil (1300–1600 ppm) (Jung et al., 1989). Other crude commodity
vegetable oils normally contain less than 1000 ppm combined toco-
pherols, with the exception of corn (1175 ppm) and cottonseed
(1000 ppm) oils (Gunstone, 2004).

Field pennycress oil primarily contained �- (714 ppm) and �-
(126 ppm) tocopherols, with �- (6 ppm) and �- (5 ppm) tocopherols
present in essentially trace amounts (Table 3). The total tocopherol
content of field pennycress oil was 851 ppm, which was lower than
cress oil but higher than other common crude commodity vegetable
oils such as palm (642 ppm, combined), sunflower (546 ppm), and
safflower (413 ppm) oils (Frankel, 2005).

3.3. Phytosterol content

The primary phytosterols detected in cress oil included
sitosterol (5.82 mg/g), campesterol (3.95 mg/g), and avenasterol
(3.44 mg/g), with cholesterol (0.50 mg/g), stigmasterol (0.30 mg/g),
dihydrolanosterol (0.25 mg/g), and �-amyrin (0.16 mg/g) compris-
ing the remaining steroidal constituents (Table 3). As is the case
with most vegetable oils, sitosterol (see Fig. 2) was the major phy-
tosterol found in cress oil. The combined phytosterol content of
cress oil was 14.41 mg/g, which was in excess of the typical range of

1–5 mg/g for most vegetable oils (Gunstone, 2004). For comparison,
crude commodity vegetable oils that are known to have high levels
of phytosterols include corn (8–22 mg/g) and rapeseed (5–11 mg/g)
oils (Gunstone, 2004).

oils.

Crude pennycress RBD soybean

714 (7) 62 (2)
6 (0) 11 (1)

126 (3) 537 (5)
5 (0) 147 (3)

851 (6) 757 (5)

0.27 (0.01) 0
0.76 (0.01) 0
3.00 (0.07) 0.94 (0.04)
0.21 (0.01) 0.69 (0.02)
3.88 (0.07) 2.09 (0.07)
0 0.06 (0.01)
0.44 (0.02) 0.15 (0.01)
0 0.24 (0.01)
0 0
0 0.13 (0.01)
0 0
8.55 (0.17) 4.29 (0.11)
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Fig. 2. Chemical structures of phytosterols f

The primary phytosterols detected in field pennycress oil were
itosterol (3.88 mg/g) and campesterol (3.00 mg/g), with brassicas-
erol (0.76 mg/g), avenasterol (0.44 mg/g), cholesterol (0.27 mg/g),
nd stigmasterol (0.21 mg/g) accounting for the remaining phytos-
erol content (Table 3). The combined phytosterol concentration of
rude field pennycress oil (8.55 mg/g) was less than that found for
rude cress oil, but still higher than RBD soybean oil (4.29 mg/g,
able 3). Field pennycress and cress oils were both high in sitos-
erol and campesterol and contained nearly the same phytosterols,
ith the exception of brassicasterol in the case of field pennycress

il and dihydrolanosterol and �-amyrin in the case of cress oil. It
s interesting that cress oil had no detectable levels of brassicast-
rol, which typically comprises 5–20% of phytosterols in oils from
ther plants in the Brassicaceae family, such as rapeseed, canola,
nd mustard oils (Kochhar, 1983; Phillips et al., 2002). Bettach et
l. (1997) also did not detect brassicasterol in the unsaponifiable
raction of cress oil or in Diplotaxis tenuisiliqua, another member of
he Brassicaceae family.

.4. Physical properties

Field pennycress oil exhibited the most desirable low tem-
erature fluidity, as indicated by CP and PP values of −25 and
28 ◦C versus −7 and −9 ◦C for soybean oil and 3 and −11 ◦C for

ress oil. Based on these results, it is expected that field penny-
ress oil would be better suited for industrial applications where
ub-ambient conditions are prevalent. The relatively low level of
aturated FA contained in field pennycress oil (4.6 wt%; Table 1)
n comparison to cress (15.2 wt%) and soybean (15.9 wt%) oils is
ttributed to its enhanced low temperature operability. A previous
tudy elucidated a statistically significant relationship between sat-
rated FA content and low temperature properties (Moser, 2008a).

n the case of fatty acid methyl esters, compounds of similar chain

ength but increasing levels of unsaturation display lower melting
oints (mp), as evidenced by the mp of methyl esters of stearic
mp 39 ◦C), oleic (mp −20 ◦C), linoleic (mp −35 ◦C), and linolenic
mp −52 ◦C) acids. The propensity of chemical species with greater
mounts of polyunsaturation to exhibit lower mp also explains
in cress, field pennycress, and soybean oils.

why soybean oil displayed superior low temperature properties
in comparison to cress oil: the polyunsaturated FA content of soy-
bean oil (59.8 wt%) was significantly higher than that for cress oil
(37.7 wt%).

Cress oil displayed greater stability to oxidation than field pen-
nycress oil, as indicated by IP values of 12.3 and 5.0 h (Table 2),
respectively, according to official method EN 14112 (CEN, 2003).
The rate of autoxidation is dependant on the number and location of
methylene-interrupted double bonds contained within fatty mate-
rials and by the presence of antioxidants. Polyunsaturated materials
are particularly vulnerable to autoxidation, as evidenced by the rel-
ative rates of oxidation of unsaturated esters: 1 for ethyl oleate, 41
for ethyl linoleate, and 98 for ethyl linolenate (Holman and Elmer,
1947). Although cress oil contained a higher amount of linolenic
acid (29.3 wt%) than field pennycress oil (11.8 wt%), the higher
native content in cress oil of oxidation inhibitors such tocopherols
(Evans et al., 2002; Kamal-Eldin, 2006; Moser, 2008b) imparted
greater resistance to oxidation. Differences in the tocopherol com-
position may also explain the difference in stability between cress
and field pennycress oils. The major tocopherol constituent in cress
oil was �-tocopherol, which in bulk oils is a better antioxidant than
�-tocopherol, the main tocopherol homologue in field pennycress
oil (Huang, 1995; Lampi et al., 1999). The oxidative stability of RBD
soybean oil (8.3 h) was between that of cress and field pennycress
oils.

Field pennycress oil had an IV of 118 (Table 2), which was lower
than that of cress (130) and soybean (130) oils. The IV, which is
an indicator of the level of unsaturation, is not a good predictor of
oxidative stability of vegetable oils. For instance, field pennycress oil
had the lowest IV (lowest double bond content), but exhibited the
worst oxidative stability of the oils examined in this study. Addi-
tionally, cress and soybean oils had identical IV, but significantly
different oxidative stabilities. These observations are supported

by a previous study that questions the utility of IV as a predic-
tor of oxidative stability (Knothe, 2002). Furthermore, IV cannot
adequately account for the presence of minor constituents such as
antioxidants that may strongly influence stability to oxidation in
vegetable oils.
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The kinematic viscosity of field pennycress oil was higher than
hat for cress and soybean oils over a wide range of temperatures
25–100 ◦C; Table 2) as a result of its relatively high erucic acid
ontent. Kinematic viscosity is dependent upon the constituent FA
ontained within vegetable oils. Fatty acids of longer chain length
re progressively more viscous, as evidenced by the kinematic vis-
osities (40 ◦C) of methyl esters of palmitic (3.67 mm2/s), oleic
4.51 mm2/s), gondoic (5.77 mm2/s), and erucic (7.33 mm2/s) acids
Knothe and Steidley, 2005). The kinematic viscosity of field pen-
ycress oil at 25, 40, and 100 ◦C was 70.01, 40.97, and 9.39 mm2/s
Table 2), respectively, which resulted in a calculated VI of 224. Cress
il exhibited lower kinematic viscosities at 25, 40, and 100 ◦C (44.12,
8.35, and 7.35 mm2/s, respectively) and provided a calculated VI
f 244. Soybean oil displayed kinematic viscosities and VI inter-
ediate to those of cress and field pennycress oils. All oils yielded

igh VI, which is desirable in industrial applications where sub-
tantial changes in viscosity over a broad range of temperatures are
ndesirable. Higher VI oils can be used to formulate multi-purpose

ubricants. The specific gravities of cress, field pennycress, and soy-
ean oils were nearly indistinguishable at both 25 and 40 ◦C (see
able 2), with soybean oil yielding only slightly higher values at
oth temperatures. These results demonstrate that the nature of
he FA constituents, at least in this case, do not significantly impact
ensity and, by extension, specific gravity of vegetable oils.

An advantage to vegetable oils over that of refined petroleum
roducts is superior lubrication properties (lubricity) resulting
rom structural features such as unsaturation and the presence of
eteroatoms not found in hydrotreated petroleum-derived mate-
ials. For example, in a recent study, vegetable oils, biodiesel, and
egetable oil derivatives exhibited superior lubricity in compari-
on to unadditized conventional petroleum-derived ultra low sulfur
iesel fuel (ULSD, <15 ppm S) (Moser et al., 2008). In the present
tudy, all vegetable oils displayed similar lubricities (124–133 �m
y HFRR; Table 2), which were significantly better (shorter wear
car lengths) than the wear scar generated according to ASTM
6079 by ULSD (551 �m; Moser et al., 2008) in a prior investigation.

. Conclusions

Crude field pennycress oil exhibited excellent low temperature
uidity, whereas crude cress oil was more stable to oxidation and
ver a wide range of temperatures displayed lower kinematic vis-
osities. Both oils afforded high viscosity indices and excellent
ubricities. The acid and iodine values of crude field pennycress
il were lower than those for crude cress oil. These oils compare
avorably, with the exception of kinematic viscosity in the case of
eld pennycress oil, to soybean oil with respect to these proper-
ies.

The primary fatty acids in cress oil were oleic (30.6 wt%) and
inolenic acids (29.3 wt%), whereas field pennycress oil was princi-
ally composed of erucic (32.8 wt%) and linoleic (22.4 wt%) acids.
ress oil contained high concentrations of �- (1422 ppm) and �-
356 ppm) tocopherols, whereas �-tocopherol (714 ppm) was the
rimary homologue in field pennycress oil. The overall tocopherol
oncentrations of cress and field pennycress oils were 1799 and
51 ppm, respectively. The primary phytosterols in both oils were
itosterol and campesterol, with avenasterol also present in signif-
cant quantity in cress oil. The overall phytosterol concentration
n cress oil (14.41 mg/g) was greater than that for field pennycress
8.55 mg/g) oil.
cknowledgements
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